The term "theranostics" refers to simultaneous diagnostic imaging and treatment and "nanotheranostics" refers to the simultaneous diagnostic imaging and treatment that makes use of nanomaterials for selective delivery of an imaging agent and a chemotherapeutic agent to a target organ. Nanocarriers have special properties that make them suitable for design of the theranostic platform. These include enhanced permeation and retention (the EPR effect), the provision for active targeting by attachment of suitable ligands to their surface, and unique optical and magnetic properties. Advanced theranostic systems are multifunctional in that the nanocarrier contains a homing device or targeting agent that directs the carrier to the cancer tissue, an agent for imaging the cancer tissue, and a chemotherapeutic agent to be delivered selectively to the tumor. The core nanomaterial is often surface-modified to facilitate incorporation of the various functionalities. Several types of nanoparticles (NPs) have been employed as imaging and drug delivery agents, including both solid inorganic materials (Fe 3 O 4 NPs, Gadolinium NPs, Gold NPs, carbon nanotubes, semiconductor quantum dots) and organic-based NPs, including liposomes, micelles, dendrimers and polymers. The nanotheranostic platform is capable of simultaneous imaging and therapy, as seen in the case of gold nanoparticles. Gold NPs can generate heat when irradiated with light of a specific wavelength, which can kill tumor cells due to hyperthermia. The high atomic number of gold and its X-ray absorption allows simultaneous tumor imaging via the fluorescence quenching effect or by computed tomography. Other methods of imaging such as Magnetic Resonance Imaging (MRI), Positron Emission Tomography (PET), fluorescence and ultrasound may also be employed depending on the properties of the nanomaterial, while the tumor killing agent (drug, genes or hyperthermia) is being delivered selectively to the tumor. Molecular imaging can identify the location of the tumor cell within the body as well as provide information about the expression profile and stage of the disease. It can also reveal early tumor response to therapy that will facilitate determination of treatment regimens. Therefore, the incorporation of both diagnostic and therapeutic modalities onto the same nanomaterial is a promising strategy to improving the efficiency and safety of drug delivery systems. This review will focus on the basic science and technology involved in the design and development of Nano platforms capable of simultaneous delivery of diagnostic imaging agents and cancer therapeutic agents.
Introduction
The term "theranostics" refers to simultaneous diagnostic imaging and treatment and "nanotheranostics" refers to the simultaneous diagnostic imaging and treatment that make use of nanomaterials for selective delivery of a diagnostic imaging agent and a chemotherapeutic agent to a target organ. The basic principles of theranostics have been in practice since the 1940s with the use of radioiodine to image and treat thyroid cancers. Theranostic tests differ from traditional diagnostic tests such as those for blood glucose, because the new tests are based on sophisticated technology that involves principles of genetics, molecular biology and special testing platforms. Advances in these areas have provided biochemical information about cancers, including the identification of many cell surface receptors which are over expressed in tumor cells. Theranostics takes advantage of these molecular targets to gain access to the tumors and in visualizing and delivering cytotoxic drugs directly to the tumor. Therefore, diagnostics and therapy work hand-in-hand for the benefit of the cancer patients.
Advanced theranostic nanomedicine is multifunctional in nature. The nanomaterial carrier contains an agent for imaging, a homing device (targeting agent) that takes the system to the tumor, and an anticancer agent to be delivered to the tumor. Therefore, the nanotheranostic system itself is capable of simultaneous imaging and therapy. For example, gold NPs can image a tumor via fluorescent quenching or computed tomography (CT), while simultaneously killing tumor cells by generating heat when irradiated with light of a specific wavelength. CT is possible because of the high atomic number of gold and its X-ray absorption. Other methods of imaging such as Magnetic Resonance Imaging (MRI), Positron Emission Tomography (PET), fluorescence and ultrasound may also be employed, depending on the properties of the nanomaterial, while the tumor killing agent (drug or hyperthermia) is being delivered selectively to the tumor. one billionth of a meter. One nanometer is the length of ten hydrogen atoms placed side by side. Cesium, the largest known atom has a diameter of 0.53 nm. The size of some familiar materials in the nanoworld is: DNA, 1-2nm diameter; viruses, 3-50 nm; insulin molecule, 3 nm and cytochrome, 4 nm. One million fullerenes, the smallest "soccer ball" made from 60 carbon atoms, can fit into a grain of rice. Materials in the nanosize range can exhibit very different behavior compared to their macro or bulk material. The mechanical strength, electrical conductivity, color, reactivity, and melting point are subject to change following a size reduction. At the nanoscale, Carbon is stronger than steel and six times lighter. White and opaque zinc oxide becomes transparent, thus cosmetically appealing, and a gold colloid less than 100 nm are no more 'golden' but appears intensely red. The same gold colloid will appear blue when the particle size is above 100 nm. Nanoparticles also have relatively huge surface areas per unit mass (upwards of 1000 m 2 /g); a property that leads to unexpected reactivity compared to their macro counterparts. Most of the atoms of nanoscale materials will reside on the surface, hence the increased reactivity of nanomaterials. As the particle gets smaller and smaller, their surface area to volume ratio increases dramatically. They are more reactive and more soluble in water. In contrast to macroscopic materials, nanomaterials have tunable optical, electronic, magnetic, thermal and biologic properties. The optical properties are exploited for imaging by various spectroscopic techniques. For example, "quantum dots" (QDs) which are inorganic semiconductor materials with a very bright fluorescence, can be used for fluorescence imaging with high sensitivity and selectivity. The magnetic properties of some inorganic nanoparticles (NPs) such as paramagnetic iron oxide (Fe 3 O 4 ) lead to their use in enhancing imaging quality by magnetic resonance (MRI). Gold nanoparticles when irradiated with light of certain wavelength generate enough heat to be lethal for tumor cells. This property is exploited for the photothermic therapy (hyperthermia), by delivering heat directly to tumor cells without damaging healthy cells. Surface modifications of NPs can be made to increase circulation time in the blood. For instance, the NPs can be coated with a hydrophilic polymer such as polyethylene glycol (PEG). This common technique, called PEGylation, results in increased circulation time because the NPs are not taken up through phagocytosis by the mononuclear phagocyte system (MPS), and therefore more drugs can accumulate in the tumor. The Enhanced Permeation and Retention (EPR) effect, combined with longer circulation time, results in concentration of drugs in the tumor by 10-100 times compared to the free drug [1] . NPs are excellent molecular transporters that can simultaneously improve solubility of hydrophobic drugs and protect them from metabolism, while improving localized drug delivery. Furthermore, nanoparticles have a high surface area to volume ratio, giving them high loading capacity for imaging probes, targeting ligands and therapeutic molecules. Multifunctionality is the key advantage of nanoplatfoms over traditional approaches to imaging and drug delivery. Targeting ligands, imaging labels, therapeutic drugs, and many other agents can all be integrated into one nanoplatform, permitting targeted molecular imaging and molecular therapy [2] [3] [4] [5] [6] . Furthermore, nanomedicines can deliver drugs at higher doses with lower side effects, either by passive delivery from the EPR effect of newly-developed capillaries supplying blood and nutrients to the tumor or through receptor-mediated active targeting [5, [7] [8] . Another advantage of nano imaging is the potential to detect and diagnose cancer at an earlier stage than with current imaging methods [9] . For example, iron oxide particles 10 nm diameters coated with polymer and urokinase plasminogen activator (uPA) have been demonstrated to be effective in this regard. The uPA protein on the particles binds to its receptor (uPAR) on pancreatic cancer cells, resulting in selective uptake by the cancer cells and not by normal pancreatic tissue. With these system tumors as small as 1mm could be detected by MRI or optical imaging [10] . Several types of NPs have been employed as imaging and delivery agents, including both solid inorganic materials (Iron oxide (Fe 3 O 4 ) NPs, Gadolinium NPs, Gold NPs, carbon nanotubes, semiconductor quantum dots) and organic-based NPs, including liposomes, micelles, dendrimers and polymers.
Inorganic NPs-based theranostics
Inorganic NPs consist of magnetic metal oxide, metallic, or semiconductor materials. Synthetic methods are now available for surface functionalization of inorganic NPs to introduce targeting ligands and therapeutic molecules for molecular imaging and therapy [11] . For example, Ferric oxide (Fe 3 O 4 ) NPs are synthesized by reduction of an iron precursor under an inert atmosphere with a source of reactive oxygen at high temperatures [12, 13] . Further modification of the surface is also necessary to facilitate attachment of the required ligands. This can include incorporation of an amino-or carboxyfunctional group or a hydrophilic agent. Other metal oxide NPs such as gadolinium oxide and semiconductor quantum dots are prepared by similar approaches [14] [15] . Inorganic NPs can also be prepared by co-precipitation methods involving precipitation of the metal ions with a corresponding counter ion in solution as well as by microemulsion methods [16] [17] .
in biological tissues due to lack of absorption of IR light by tissue components. This property facilitates photothermal therapy using near IR lasers. In addition, the hollow NPs can be used for high loading of drugs and other ligands [18] . Encapsulating other materials such as iron oxide in the hollow gold NPs has the advantage of combining the magnetic properties of iron oxide and the plasmon resonance of Gold NPs near the infrared region into one nanoparticle [19] . Moreover, hollow gold nanospheres are more effective at absorbing near infrared light than solid gold NPs. The absorption is not only strong but is also narrow and tunable. All of these properties are important for cancer imaging and treatment. The Gold NPs do not have to be spheres, but can also be used as nanorods [20] .
Another important property of gold nanoparticles (GNPs) that makes them suitable for delivery of cancer therapy is their facile surface functionalization utilizing the reactivity of the thiol group [21, 22] . One of the functionalization methods involves the substitution of a citrate group on the GNP by thiolated ligands (Figure 1 ). This approach has been used to attach a wide range of ligands to GNPs including PEG, fluorescent dyes and drugs such as paclitaxel. Paclitaxel, for example, is attached to the surface of gold nanoparticles along with biotin receptor for diagnosis and treatment [23] . A variation of this approach is the formation of an inclusion complex with beta cyclodextrin-conjugated gold nanoparticles which is also linked to biotin and rhodamine B, from which the drug is effectively released by intracellular glutathione [24] . The potential of gold NPs coated with tumor necrosis factor alpha (TNF-α) for photothermal ablation of tumors has been demonstrated in mice by Shao et al. [25] . TNF-α is a potent, multifunctional cytokine that exhibits anticancer properties. However, direct use results in systemic toxicity due to the indiscriminate actions on both normal and malignant tissues. In contrast to the native TNF, TNF conjugated to a thiol-derivatized PEG gold nanoplatform is efficient in reducing tumor burden without the toxicity. TNF-gold NPs is now in phase 2 trials in humans. Gold nanoparticles also have effective fluorescent-quenching capabilities that can be utilized to detect specific molecular biomarkers. In addition, Gold NPs can be utilized as imaging agents in computed tomography because of their high atomic number and x-ray absorption coefficient. They are also used as contrast agents for photoacoustic imaging.
The positron emission tomography (PET) scan creates computerized images when chemical changes, such as sugar metabolism, take place in a tissue. Typically, the patient is given an injection of a substance that consists of a combination of a sugar and a small amount of radioactively labeled sugar that emits positrons (18F-fluorodeoxyglucose, most commonly used oncologic PET tracer). 18F has a half-life of 110 minutes which is convenient for transportation from the cyclotron and compatible with the whole-body imaging time of about 30minutes. The PET scanner detects the position of the radioactive tracer and the cancer cells (area of hyper metabolism) since cancer cells take up or absorb sugar more avidly than other tissues.
PET/CT
This combination provides complimentary information. While PET provide functional detail but little anatomic detail, CT provide anatomic and morphologic information (size, shape, location and density of lesions), but provides little insight into a tissue's physiological status. Attachment of a radionuclide on a high density NP could provide both the high sensitivity of PET along with anatomical localization with CT in a single theranostic agent. PET/CT imaging platforms have been commercially available for many years and are routinely used for early detection of cancer recurrence and localization.
SPECT Scan
Like PET, Single Photon Emission Computed Tomography (SPECT) uses radioactive tracers and a scanner to record data from which a computer constructs two-or three-dimensional images. A small amount of a radioactive drug is injected into a vein and a scanner is used to make detailed images of areas inside the body where the radioactive material is taken up by the cells. SPECT can give information about blood flow to tissues and chemical reactions (metabolism) in the body. In this procedure, antibodies (proteins that recognize and stick to tumor cells) can be linked to a radioactive substance. If a tumor is present, the antibodies will stick to it. Then a SPECT scan can be done to detect the radioactive substance and reveal where the tumor is located.
Magnetic resonance imaging (MRI)
TMRI is based upon the science of Nuclear Magnetic Resonance (NMR). Certain atomic nuclei, including hydrogen, are abundant in body water and fat and can absorb and emit radiofrequency (RF) energy when placed in an external magnetic field. The hydrogen atoms align themselves in a strong magnetic field by a change of the spin of electrons, like the needle of a compass. Pulses of specific radiofrequencies are then used to bring back the hydrogen atoms to original state. All nuclei relax by two relaxation mechanisms: T1 (spin-lattice relaxation) and T2 (spinspin relaxation). In the presence of MRI contrast agents, the relaxation time of protons in tissues change, which is detected by MRI. The MRI equipment records the duration, strength and source of the signals emitted during the relaxation process of the hydrogen atoms. The signals are then translated to an image. Agents such as gadolinium are used to improve the contrast of the signals between diseased and healthy tissues. The image and resolution produced by MRI is quite detailed and can detect small changes of structures within the body. Gadolinium chelates are currently the MRI contrast agents of choice because the gadolinium (III) ion is the best known T1 contrast agent due to its large magnetic moment [26] . Gadolinium NPs with sizes ranging from 1 to 3 nm have been shown to be the best at increasing both the relaxation and contrast enhancement properties.
Iron oxide NPs are superparamagnetic (SPION). They are used for T2 MRI [27] [28] [29] . The strength of the individual imaging modalities may be combined for tri-modal imaging with MRI, CT and fluorescence. This can achieve better temporal and spatial resolution with increased sensitivity. For example, PEG-coated gold/silica NPs that have a fluorescent dye and paramagnets provide contrast in CT, MRI and optical imaging.
Photoacoustic imaging (PA imaging)
Photoacoustic methods take advantage of the surface plasmonic resonance property of gold and silver nanoparticles. Upon laser irradiation, this can give rise to heat, which ultimately generates the pressure waves that form the photoacoustic signal. The efficiency of acoustic signal generation is high because of the large absorption cross section of metal nanoparticles and negligible radiative relaxation. These optothermal properties have been the basis for thedevelopment of metal nanoparticles as contrast agents for photoacoustic imaging. With PA imaging it is possible to obtain information about the anatomical, functional and molecular content of a diseased tissue without the use of ionizing radiation. Compared to fluorescence imaging, PA imaging has better spatial resolution and deeper imaging depth. It gives better tissue contrast than ultrasound imaging. PA imaging is safer than CT or PET because no ionizing radiation is used.
Raman spectroscopy
Raman spectroscopy is most sensitive to highly symmetric covalent bonds with little or no natural dipole moment. The carbon-carbon bonds that make up these materials fit this criterion perfectly, and as a result Raman spectroscopy is highly sensitive to these materials and able to provide a wealth of information about their structure. Raman spectroscopy is capable of discerning even slight changes in structure, making it a very valuable tool in the characterization of carbon nanomaterials.
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Gold NPs functionalized with a prostate-specific membrane antigen (PSMA) aptamer that binds specifically to PSMA are useful for specific imaging of prostate cancer cells that express PSMA. The conjugate showed more than 4-fold greater CT intensity than that of non-targeted pc-3 cells. Doxorubicin was also conjugated to this system which has shown greater potency against pc3 cells [30] . Other imaging modalities also have been investigated using Gold NPs such as light scattering, Raman spectroscopy, photoacoustic imaging and MRI [31] [32] [33] [34] .
Magnetic nanoparticles-based theranostics
The most studied magnetic nanoparticles are iron oxide (Fe 3 O 4 ) in the form of maghemite or magnetite. They become super paramagnetic at a size less than 128 nm. These NPs become magnetic only when an external magnetic field is applied. The surface of magnetite NPs is relatively inert and does not allow functionalization by covalent bond formation. However, the reactivity can be improved by coating with a layer of silica [35] . The silica shell can then be modified via covalent bond formation of the surface silanol groups with various functionalizing molecules or fluorescent dyes (Figure 2 ). These particles have several advantages compared to metallic nanoparticles: higher chemical stability, higher colloidal stability (do not agglomerate) and the magnetic moment can be tuned by varying the size [36] [37] [38] [39] [40] . It is of great importance that the NPs are biocompatible. Therefore, coating of NPs is one of the most exploited strategies to prevent toxic side effects. In addition to the biocompatibility, coating could modify the pharmacokinetics and bio-distribution of iron oxide NPs. For example, it was shown that iron oxide NPs coated with polyethylene glycol had a residence time twice that of uncoated particles and reduced accumulation in the liver and spleen [41] . Coating of iron oxide nanoparticles with dextran permits conjugation with a variety of functional groups that also facilitate imaging by MRI and other combined modalities such as MRI/PET/CT/fluorescence [42] .
In addition to magnetic iron oxide, a variety of other metal oxides such as cobalt, manganese, and nickel have been investigated for biomedical applications because of their intrinsic imaging properties for MRI T2 contrast [29, [43] [44] [45] [46] . Engineered magnetic nanoparticles can serve as nanotheranostics because they can be noninvasively imaged by MRI, and with appropriate nanoformulation can also serve as platforms for drug delivery and hyperthermia [47] [48] . Yellappu MM et al. have reported the preparation of waterdispersible betacyclodextrin-pluronic F127-coated iron oxide nanoparticles that exhibited hyperthermia properties under an alternating magnetic field. This formulation had improved MRI characteristics when tested on cisplatin-resistant ovarian cancer cells and the curcumin loaded system exhibited inhibition of ovarian, breast and prostate cancer cells [49] . These authors have also tested PEG-functionalized magnetic nanoparticles as a drug delivery system for magnetic resonance imaging and for their ability to conjugate to an antibody. They have prepared a water dispersible iron oxide core coated with oleic acid and PEG. Doxorubicin was then incorporated in to the oleic acid layer. MRI contrast properties were determined in-vitro and the circulation of MNPs measured in mouse carotid arteries. The system was further conjugated with aminogroup of antibodies via the N-hydroxysuccinimide pathway and used for targeting to human breast cancer cell line (MCF-7). The optimized formulation had a hydrodynamic diameter of 184nm and the iron oxide core had a diameter of 8nm. The MNPs enhanced the T2 MRI contrast and showed sustained drug release [50] . Multifunctional pH-sensitive polymeric nanoparticle system for simultaneous tumor magnetic resonance imaging and therapy was developed by Liu et al. The nanoparticles were selfassembled using the multi block polymer, poly (lactic acid) -poly (ethylene glycol) -poly (L-lysine) -diethylenetriaminepenta acetic acid and the pH-sensitive material poly (L-histidine) poly (ethyleneglycol) biotin. The drug sorafenib (anti-hepatocellular carcinoma drug) was encapsulated in the nanoparticles. Another pH-sensitive platform was prepared from Gadolinium DTPA complex and vascular endothelial growth factor receptor (VEGFR)-linked to surface biotin group. This system was shown to have higher antitumor effects compared to free sorafenib in VEGFR over-expressed cell line in mice and high MRI resolution [51] .
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therapy" introduced by MagForce, Germany and approved by European Medicine Agency in 2013 for glioblastomas (the most frequent and malignant brain tumors). This therapeutic option is now available in 27 countries in Europe. The main components of the system are: aminosilane-coated superparamagnetic iron oxide nanoparticles (12-15 nm diameters), simulation software (NanoPlan), an alternating magnetic field device (NanoActivator) and a catheter for insertion (thermometry probe). Following an injection of the nanoparticles into the tumor, they are exposed to an external alternating magnetic field to generate heat within the tumor. Hyperthermia and thermal ablation of the tumor follows [52] .
Gene delivery
Magnetic nanoparticle for delivery of genes and with the ability to be monitored by MRI was constructed by Lee JH et al [53] . The particle used were manganese-doped magnetic iron oxide (15nm), stabilized by a serum albumin and PEG coating. They contained siRNA to silence green fluorescent protein-expressing genes inside cells (siGFP) and an RGD (Arginylglycylaspartic acid) peptide to target the integrin αvβ3-overexpressed on metastatic tumor cells. The siRNA inhibits protein expression in the cell by suppressing the encoded gene via interference with post-transcriptional RNA. The uptake and delivery of the model therapeutic gene could be
Nanoparticles used in cancer nanotheranostics

Liposomes
Liposomes are small bilayer vesicles made up of phospholipids and cholesterol. They are spherical and the size is generally less than 400 nm. Liposomes are useful platforms for a drug/diagnostic agent's delivery owing to their size, hydrophobic and hydrophilic character, biocompatibility, biodegradability, low toxicity and immunogenicity. The nanosized diagnostic agents such as iron oxide nanoparticles, quantum dots and gold nanoparticles can be entrapped within the theranostic liposomes and the therapeutic agent can be either encapsulated in the inner aqueous core or embedded in the outer lipophilic bilayer shell [58] [59] [60] [61] [62] [63] .
Advanced theranostic liposomes can be conjugated with molecular biomarkers for their targeting effect. To overcome opsonization by the immune system and fast elimination from blood circulation, stealth liposomes (e.g. PEG-coated liposomes), were formulated to have more stability and a longer half-life in blood. Diagnosis by theranostic liposomes is done with magnetic resonance (MRI), positron emission tomography (PET), single photon emission computed tomography (SPECT) and near infrared (NIR) fluorescence imaging. An imaging agent, a therapeutic agent and a molecular probe can be entrapped in the liposome. The Science and Technology of Cancer Theranostic Nanomedicines: a primer for Clinicians and Pharmacists Copyright: © 2018 Gopalakrishna P, et al.
Micelles
Micelles are emerging as multifunctional nanothrerapeutic platforms for cancer imaging and delivery of chemotherapeutics. Micelles are self-assembling colloidal structures with a hydrophobic core and hydrophilic shell. (Figure 4 ). They have a narrow size distribution and a size of less than 100 nm [64] [65] [66] .
The inner hydrophobic core of the micelle is loaded with therapeutic/diagnostic and a targeting agent is placed in the outer hydrophilic layer [67] [68] [69] [70] . Another example is a multifunctional micellar platform for delivery of doxorubicin and an MRI agent. The micelles were prepared from polyethylene glycol-polylactic acid (PEG-PLA). Super paramagnetic iron oxide (SPION 8nm dia.) was loaded in to the core of the micelles and RGD peptide was conjugated on the micelle (45-48 nm) for selective targeting to integrin over expressed on endothelial tumor cells [71] .
Figure 4: Formation of polymeric micelles from monomers
Dendrimers
From the Greek, dendron means "tree" and meros means "part". They consist of a central core molecule from which a number of highly branched tree-like arms originate in an ordered symmetrical fashion. They have three components: a central core, branches and terminal functional groups. Monomers attached to the core are called first generation. Two monomers are then added to the first generation to give a secondgeneration dendrimer. Molecular weight nearly doubles with each generation. As the number of generations increase, the molecule becomes more and more spherical and too tight for further addition. The interior hydrophobic space can be used for encapsulating drugs or imaging agents or the terminal groups can be attached to drugs for targeted delivery ( Figure 5 ). In addition, dendrimers can be designed for specific applications and functionalities added for bioconjugation. Their size is close to DNA, insulin, cytochrome and hemoglobin. Other advantages of dendrimers include absence of immunogenicity and the possibility of preparing pH-sensitive and temperature sensitive delivery devices.
Dendrimers have several unique physicochemical properties that make them attractive for biomedical applications.Dendrimers used in nanotheranostics are usually 10 to 100nm [72] . By controlling the degree of polymerization, dendrimers can be synthesized in various sizes, molecular weights and chemical compositions [73] [74] . The Science and Technology of Cancer Theranostic Nanomedicines: a primer for Clinicians and Pharmacists Copyright: © 2018 Gopalakrishna P, et al.
Solid lipid nanoparticles (SLNPs):
SLNPs are made up of a solid hydrophobic core containing dissolved or dispersed drug. They are nanomedicines made from biocompatible lipids (e.g., triglycerides) which are solid at room temperature. The size of less than 100 nm allows SLNPs to cross tight-endothelial cells of blood-brain barrier for brain targeting. Like other nanomedicines, SLNPs are used for targeted co-delivery of diagnostic and therapeutic agents as theranostic platform [75] [76] .
Drug-polymer conjugates
Drug-polymer conjugates consist of a drug and polymer held together by covalent interaction. They are prepared by chemical reactions that mostly depend on the functional groups present in the drug and polymeric carrier. The two major types of conjugates include protein conjugates and drug conjugates with appropriate polymers [77] . The most successful polymer for theranostic drug-polymer conjugates is N-(2-hydroxypropyl) methacrylamide (HPMA). HPMA-based conjugates are used for theranostics since they are stable, non-toxic and biocompatible for in vivo applications [78] [79] . Targeted NPs are constructed by incorporating a variety of ligands including transferrin, lactoferrin, aptamers and numerous peptides. The use of reactive groups (including carboxylic acids, amines, thiols and succinimide derivatives) allows for the direct chemical bonding of the targeting ligand to the nanoparticle ( Figure 6 ). 
Carbon nanotubes (CNT)-based theranostics
Carbon nanomaterials are useful nano platforms for cancer theranostics because of their physicochemical and mechanical properties. Photothermal ablation of tumors is possible because of the inherent near infrared optical absorbance. This absorption property also leads to their visualization by nearinfrared photoluminescence. Another advantage of carbon nanotubes is their high surface area and high aspect ratio (obtainable with various shapes). This facilitates attachment of theranostic moieties, imaging labels (radioisotopes, fluorescent dyes) targeting ligands (antibodies, peptides), therapeutics (drugs, genes) as well as polymers to achieve enhanced water solubility and stability [80] .
CNTs are synthesized by several techniques including high pressure carbon monoxide, chemical vapor deposition and arc discharge methods [81] . In single walled carbon nanotubes (SWCNTs), carbon atoms are exposed on the surface, resulting in very high surface area (1300 m 2 /g). When these SWCNTs are exposed to laser light, the local heating produced leads to emission of ultrasound waves (due to the photoacoustic effect). Thus SWCNTs have unique properties which make them suitable for applications in a variety of imaging modalities such as magnetic resonance, near infrared fluorescence, Raman spectroscopy, and photoacoustic tomography [82] . Raman scattering of SWCNTs has been explored for in-vitro and in-vivo imaging of biological samples. The strong absorbance in the near IR region can be used for photoacoustic imaging, which is further enhanced by coating with gold shells.
CNTs are amenable to surface functionalization. Functionalization is important, not only to increase target specificity but also to increase aqueous solubility and stability. It is also known that the functionalized CNTs have lower cytotoxicity compared to their non-functionalized counterparts. Covalent and non-covalent surface functionalization of CNTs has been reported in the literature. A disadvantage of covalent bonds is their interference with the natural physical properties (e.g. Raman scattering and photoluminescence) of CNTs, which is not apparent with non-covalent functionalization. In noncovalent functionalization, the surface of the CNT is coated with amphiphilic surfactant molecules or polymers. Thus, the hydrophobic surface of the NT is non-covalently attached to the hydrophobic tail of the surfactant. SWCNTs have also been radiolabeled with 64Cu (for imaging tumor angiogenesis). The CNT-based contrasts agents facilitated minimally invasive, highly sensitive and target-specific detection and killing of solid and metastatic tumor cells. These functionalized carbon nanotubes with radioactive isotopes are used for nuclear imaging [83] . A theranostic Multiwalled Carbon Nanotube (MWCNT) was designed by Das et al. that included acid-oxidized MWCNT with four varieties of functional moieties: a fluorochrome (Alexa-fluor, AF488/647), targeting agent (i.e, folic acid), radionuclide (Technitium-99m), and methotrexate [87] . The cellular uptake studies showed the selective internalization of theranostic MWCNTs by folate receptor-positive human lung (A549) and breast (MCF-7) cancer cells through folate receptor mediated endocytosis. The tumor-specific accumulation of targeted theranostic MWCNTs in xenografted mice after 24 h was 19.14 and 8.62 times higher in comparison to free and nontargeted theranostic MWCNTs. This study shows the controlled delivery of methotrexate from theranostic MWCNTs, receptor mediated delivery, optical detectability of fluorochromes, and radio-traceability of 99mTc. In another study, cationic, anionic and non-ionic MWCNTs were prepared by Chen et al. [85] . The surface charge was controlled by varying the grafting reagents and the degree of grafting established by thermal analysis and high-resolution transmission electron microscope. The CNTs had improved solubility and stability in water and cell culture medium.
Peptide based targeting strategies
Peptide-based, drug-encapsulated nanovectors (liposomes, micelles) represent a new frontier in cancer therapy. They can be used to selectively carry a drug to target cells while incorporating an imaging probe to guide or monitor therapy [86] . A number of molecular targets for peptides are exclusively expressed or overexpressed on both cancer vasculature and cancer cells. For example, the integrins, growth factor receptors and G-protein coupled receptors. Peptides have some advantages as targeting molecules compared to the monoclonal antibodies: rapid blood clearance, ready penetration into vascular endothelium, increased diffusion rate into tissues and low immunogenicity [87] . In addition, receptor-targeted peptides are internalized within tumor cells by receptormediated endocytosis. In one example, the gastrin-releasing protein receptor was targeted with gold nanorods conjugated to a synthetic bombesin. This may provide an opportunity for developing a system for in-vivo molecular imaging and therapy [88] . The integrin based targeting strategies were used by Zhang et al for RGD peptide-conjugated iron oxide nanoparticles [89] and the integrin-targeted liposomal doxorubicin-RGD peptide for imaging and treating metastatic disease [90] . This peptide sequence selectively recognized the αVβ3 integrin receptor expressed on angiogenic endothelium. Doxorubicin was encapsulated by the remote loading method and the liposomes were made fluorescent with DOPE-BODIPY 630/650. Theranostic liposomal doxorubicin attached to a novel peptide with high affinity to lung tumor was studied by Le et al. for imaging and targeted delivery to lung tumor [91] .
Hyperthermia: Converting optical energy in to heat
Hyperthermia is known to induce apoptotic cell death in cancer tissues and increase survival of the cancer patient when combined with radiotherapy and chemotherapy. Hyperthermia has been delivered by radiofrequency waves, microwaves or ultrasound. However, a limitation is the difficulty in heating deepseated tumors to effective temperatures. It is well known that different nanomaterials such as gold, magnetic NPs and carbonbased NPs can convert optical energy into heat by electron excitation and relaxation. Furthermore, infrared lasers can be tuned to the specific plasmon resonance of the nanoparticles [48, 92] . Additionally, multifunctional nanoplatforms are fabricated for simultaneous imaging, treatment monitoring and release of therapeutics with hyperthermia treatment (photothermal therapy, PTT). For example, a composite of reduced graphene oxide and iron oxide nanoparticles functionalized with PEG was developed for image-guided therapy [93] . This combination allowed for strong NIR optical absorbance, superparamagnetic properties, and physiological stability for in vivo applications. The composite was imaged by fluorescence, photoacoustic and MR imaging, and used for photothermal ablation of tumors in mice using 808-nm NIR laser. A major advantage of this nanotheranostic probe is treatment monitoring by MRI. After therapy, T2-weighted MRIs were acquired to monitor the tumor size because of the pooling of the nanocomposite imaging agent [93] . In a more recent study, graphene oxideBaGdF5 nanocomposite was used for multimodal imaging (MRI and X-ray computed tomography) and photothermal ablation of tumors in vivo [94] . In another study, quantum dots were prepared with reduced graphene oxide-iron oxide and used for photothermal ablation of HeLa cell in-vitro. The QDs emitted violet light when excited at 320nm. The suitability of the QDs for fluorescent and magnetic resonance dual-modality imaging was shown by in-vitro imaging with dermal fibroblast cells and T2 relaxation time [95] . This report also showed the loading of a drug (lidocaine hydrochloride) on to surface of the QDs and targeted delivery employing an external magnet.
Photodynamic therapy (PDT)
Photodynamic therapy (PDT) is based on the formation of lethal singlet oxygen as well as emission of fluorescence when a photosensitizer such as photofrin (Porfimer sodium, approved by FDA) and phthalocyanine are irradiated with a laser of specific wavelength following their targeted delivery to a tumor. Porphyrins and phthalocyanines, which share an aromatic and planar tetrapyrrole backbone, are ideally suited for intrinsic multifunctional imaging and therapeutic applications [96] .
Photosensitizers are highly colored naturally occurring materials which undergo photochemical reaction to generate reactive oxygen species (ROS) that can cause tumor cell death. ROS have a very short half-life and therefore act only at the site of their generation. Photosensitizers are harmless in the absence of light and oxygen. These agents can be concentrated in the tumor tissue by delivering them in some form of nanoparticle delivery system. This can permit simultaneous therapy and imaging [97] [98] . Cheng et al. utilized metallic NPs to deliver the PDT drug phthalocyanine to brain tumors while monitoring drug uptake by fluorescence methods [99] . One of the limitations of fluorescence imaging is the limited tissue penetration of visible light required for activation of the photosensitizer. This limitation may not be serious for imaging flat lesions but presents problems for imaging tumors at greater depths. This may be overcome by using multimodal techniques that can complement fluorescence such as PET, MRI and multiphoton excitation [100, 101] . The phthalocyanins are activated by light in the near infrared region of 700-900nm, also known as the NIR optical window. Body tissues are transparent in this region of the spectra. Therefore, photosensitizers in deep seated cancer tumors can be activated (Figure 7 ) [97] . Dendrimers also have been evaluated for tumor-targeted delivery of phthalocyanins. Dendrimers have the advantage of high water solubility and high encapsulation efficiency for hydrophobic drugs [108] .
Quantum dot-based theranostics
Quantum dots (QDs) are semiconductor nanocrystals that emit fluorescence on excitation with a light source. They have excellent optical properties, including high brightness, resistance to photobleaching, and tunable wavelength.
Recent developments in surface modification of QDs enable their potential application in cancer imaging. QDs with nearinfrared emission could be applied to sentinel lymph-node mapping to aid biopsy and surgery. Conjugation of QDs with biomolecules, including peptides and antibodies, could be used to target tumors in vivo. These engineered fluorescent probes with integrated imaging and carrier functionalities have become excellent tools for molecular diagnostics and delivery of therapeutic molecules. Flexible surface chemistry, unique optical properties, high sensitivity, and multiplexing capabilities of QDs certainly make them a most promising tool for personalized medicine.
The tiny QDs have sizes ranging from 3 to 10 nm. They can be made to emit wavelengths ranging from 450 to 1600 nm by changing their size, shape, and composition. The Science and Technology of Cancer Theranostic Nanomedicines: a primer for Clinicians and Pharmacists Copyright: © 2018 Gopalakrishna P, et al.
Due to their unique tunable spectral and optoelectronic properties, QDs have been extensively employed for various biomedical and medicinal research applications [109] [110] [111] [112] . The surface of quantum dots can be functionalized with biomolecules to selectively target specific sites in-vitro and invivo. For example, bioconjugated quantum dots have been used in targeted cell labeling, tissue imaging, photodynamic therapy, in-vivo tumor detection, and drug delivery ( Figure 9 ) [113] [114] [115] . The imaging property of quantum dots can also be utilized by encapsulating them in other nanocarriers such as micelles and liposomes. For example, bioconjugated pluronic triblock copolymer micelle-encapsulated QDs were used for targeted cancer imaging. In this study, the authors showed that folic acid can be conjugated to QDs for the targeted delivery to the tumor site by exploiting over-expressed folic acid receptors on the tumor cells [67, 68] . Another advantage of encapsulating QDs in pegylated phospholipid micelles is the reduced toxicity of QDs (as in the case of PbS), and their near infra-red absorption for in-vitro and in-vivo imaging studies [116] . It was also shown that quantum dots could be encapsulated within liposomes that contain cisplatin, for drug delivery and imaging. In this study, the authors observed the fluorescence signal and cisplatin accumulation in the brain and skin melanoma cells [117] . While theranostic QDs have demonstrated potential in proofof-concept applications using cultured cells and small animal models, concern surrounding the toxicity of the semiconductor core has prevented their clinical translation. Use of heavy metal based quantum dots as theranostic probes in humans is a major concern. In future, biocompatible, non-immunogenic, ultra-small size (<5.0 nm) quantum dots for nanomedicine will probably be introduced [118] [119] [120] .
Conclusions
Theranostic nanoparticles are being developed as vehicles for the simultaneous delivery of both imaging agents and drugs. The unique properties of nanomaterials, such as their ability to be concentrated in tumor tissue by passive or active targeting and their optical/magnetic properties for imaging by MRI/CT/fluorescence are exploited in the fabrication of theranostic nanoplatforms. Magnetic resonance imaging (MRI) is perhaps the most efficient tool for diagnosis, the efficiency of which is further enhanced by a magnetic nanoparticle. MRI provides invaluable anatomical details, while processes such as metabolism, enzyme activity, oxygen metabolism and blood flow can be characterized by positron emission tomography. These nanoplatforms serve multiple functions simultaneously such as drug and imaging agent delivery, targeting to desired site and controlled release. Real time visualization of cancer cells and drug release pattern is useful in optimizing the dose and treatment schedule. Monitoring of therapeutic response helps in assessing efficacy of treatment as well as in modifying treatment strategies. All these aspects may ultimately lead to personalized care of the cancer patient. Theranostics eliminate the trial-and-error medicine to more precise personalized medicine and hold great promise for improved patient outcome. In addition, the precise targeting property of the theranostic device can help to improve the safety profile of a drug as well as minimizing off-target effects often seen with cancer chemotherapeutic agents. Advances in new imaging techniques and novel types of molecular probes have made it possible for more accurate tumor detection, cancer staging, and real-time monitoring of cancer progression and therapeutic outcomes. The Science and Technology of Cancer Theranostic Nanomedicines: a primer for Clinicians and Pharmacists Copyright: © 2018 Gopalakrishna P, et al. 
